ABSTRACT
INTRODUCTION
Conditional approaches for studies in genetically modified laboratory mice are becoming increasingly common, and large-scale applications are being developed. These approaches are based on DNA recombinase technology, with Cre-lox the most advanced system currently available (8, (14) (15) (16) . Phenotypic analysis is the priority in these studies, requiring that the genotyping and monitoring of the efficiency of tissue-and time course-specific recombination be made as quickly as possible. Southern analysis is often used for these tasks and is widely considered to be the gold standard. However, Southern analysis is time consuming and labor intensive, not always optimal for the detection of subtle mutations such as loxPinsertions, and is frequently unsuitable for the simultaneous detection of multiple alleles (e.g., wild-type, floxed, and knockout) and ( Cre ) transgenes in a single assay. Simultaneous testing for all alleles in a single reaction is both cheaper and more reliable. The reliability of the assay is particularly important when individual mice, depending on genotype, are to be used in long-term studies, costly experiments, or for the breeding of subsequent generations. PCR amplification from various templates, using more than one primer pair in the reaction (multiplexing) (21) , may overcome some of the drawbacks of Southern blotting. In addition, multiplex PCR is fast, requires very little sample, and can be designed with flexibility and adapted to almost any target configuration. Unlike Southern analysis, it does not depend on naturally occurring or created restriction enzyme sites. A technique for the detection of loxPsites in mice has recently been proposed (13) . Here, we develop this technique into a strategy for determining Cre-lox genotypes and for quantitatively estimating Cre recombinatory efficiency in target tissues.
MATERIALS AND METHODS

Animals and Tissue Sampling
Transgenic mice (genetic background: 129/SvPas, C57Bl/6, or FVB) were housed in standard conditions (25°C, a 12-h light/dark cycle, with water and food given ad libitum). For PCR, we used 1-3 mg toe or tail biopsy tissue from four-day-old pups. For Southern blotting, 5-mm tail biopsy samples from 10-day-old animals were used. The adult animals were euthanized, and 50-mg tissue samples were collected. The samples were either used immediately or stored frozen at -20°C before use.
Genomic PCR
Lyophilized proteinase K (Invitrogen, Carlsbad, CA, USA) was dissolved at 10 mg/mL in 50 mM TrisHCl, pH 8.0, with 5 mM calcium acetate and stored at 4°C. We added 2 µ L stock solution to tail tip or toe biopsy samples that had been previously placed into 200 µ L GNT-K buffer (12) . GNT-K buffer consisted of 10 mM Tris-HCl, pH 8.5, 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin, 0.45% Nonidet ™P-40 (Sigma, St. Louis, MO, USA), and 0.45% Tween ® 20 (Sigma). The samples were digested for no more than 2 h at 56°C on a dry heat block. The samples were then heated at 95°C for 15 min to inactivate proteinase K and were briefly centrifuged at 1 3 000 × g for 1 min. Immediately after centrifugation, 2 µ L DNA-containing supernatant were transferred to 50-µ L reactions. For the floxed insulin-like growth factor type I receptor (IGF-IR) locus, the amplification conditions were 94°C for a 3-min initial strand separation, 40 cycles at 94°C for 45 s, 50°C for 45 s, 72°C for 1 min, and a 7-min final elongation step at 72°C. Three oligonucleotides were used to detect wild -type, floxed, and total excised targeted alleles simultaneously. Oligonucleotide 5 ′ -CCATGGGTGTTAAAT -GTAATGGC-3 ′ was complementary to a seq uence upstream from the left loxP site (Figure 1 ), 5 ′ -ATGAATGCTG -GTGAGGGTTGTCTT-3 ′ downstream from the right loxPsite and 5 ′ -ATCTT -GGAGTGGTTGGGTCTGTTT-3 ′ upstream from the right loxP site. The expected product sizes were 271, 327, and 202 bp for wild-type, floxed, and excised alleles. The oligonucleotides were designed to prevent primer incompatibility within and between primer sets, and amplification conditions (annealing temperature, elongation time, and primer and magnesium chloride concentrations) were optimized as previously described (4, 17) . For Cretransgenes, the amplification conditions were as above, except that an annealing temperature of 55°C was used. Four oligonucleotides were used to detect Cre and Gabra1(endogenous positive control gene) simultaneously. The primers 5 ′ -AACACACACTGG -AGG ACTGGCTAGG-3 ′ and 5 ′ -CAA -TGGTAGGCTCACTCTGGGAGAT -GATA-3 ′ amplified a 290-bp fragment from the Gabra1gene, and the primers 5 ′ -CCTGGAAAATGCTTCTGTCCG-3 ′ and 5 ′ -CAGGGTGTTATAAGCAA -TCCC-3 ′ amplified a 390-bp fragment from the Cre coding region. If loxPmutations and the Cretransgene were to be detected in the same reaction, then we omitted Gabra1primers and used the two Creprimers together with the three primers for the targeted floxed locus, using an annealing temperature of 50°C. Final concentrations in the reaction buffer (Invitrogen) were 200 µ M each of the four dNTPs, 2 mM MgCl 2 , 0.12 µ M each primer, and 1.25 U Taq DNA polymerase (Invitrogen). Reaction mixtures were overlaid with mineral oil. The amplification products were separated by electrophoresis on 2% agarose gels pre-stained with ethidium bromide. As a DNA molecular size marker, we used a 50-and 100-bp DNA ladder. We used a Mastercycler ® 5330 (Eppendorf Netheler Hinz GmbH, Hamburg, Germany) and custom oligonucleotides (Genset SA, Paris, France).
Southern Blot
The tissue (50 mg) was digested overnight at 56°C with proteinase K, centrifuged, and the supernatant was mixed with an equal volume of isopropanol. The precipitate was washed with 75% ethanol, dried, and resuspended in 10 mmol Tris-HCl, pH 8.0. DNA (8 µ g) was digested with Hin cII (New England Biolabs, Beverly, MA, USA), subjected to electrophoresis on a 1% agarose gel, transferred to nylon membranes (Hybond ® N + ; Amersham Pharmacia Biotech, Orsay, France) by capillary action, and hybridized with a genomic probe that had been radiolabeled using Rediprime ® (Amersham Pharmacia Biotech). The probe recognized the 750-bp intronic region of the IGF-IR gene directly upstream from the left loxPsite ( Figure 1 and Reference 4). The membranes were washed twice in 2 × standard saline citrate (SSC) with 0.1% SDS at room temperature for 15 min and twice in 0.1 ×SSC with 0.1% SDS at 65°C for 30 min. The membranes were then placed against X-ray film (Curix ™ RP-2 100 NIF; AgfaGevaert, Mortsel, Belgium) for 1-4 days at -80°C with amplifying screens.
Image Analysis
Allele prevalence was determined from Southern blot autoradiographic exposures and from photographs taken of ethidium bromide-stained PCR analysis gels on a UV-light transilluminator TF-M20 (Fisher Scientific, Illkirch, France). Autoradiographs were digitized using an Arcus ™ peripheral (Agfa-Gevaert) and Adobe ® Photoshop ® software in automatic translucent-linear mode. Opaque photographs were digitized using a Studioscan ™ (Agfa-Gevaert) under the same conditions as above. We used a Macintosh ® informatic environment. The unmodified image files were exported to NIH image software version 1.61 (Bethesda, MD, USA), and the bands corresponding to specific alleles were identified, delimited manually, and their mean brightness was measured. Efficient background subtraction was achieved by measuring the levels of brightness in the areas immediately above and below the bands of interest and by subtracting the calculated average background values from the average brightness of the bands of interest. The corrected average brightness of the bands of interest was multiplied with the size of their surface, resulting in the densitometric volume, V, which was defined as the specific signal corresponding to the identified PCR product. The allele prevalence was calculated based on these densitometric volumes (see Figure 4A ). For example, in a homozygous floxed mouse that also carried a Cre transgene, the prevalence of the band corresponding to the excised allele expressed in percent was obtained using
Data were processed using Microsoft ® Excel ® , and statistical analysis of the results was performed using Statview ® (Abacus Concepts, Berkeley, CA, USA).
RESULTS
Multiplex PCR for Cre-lox Genotyping
Simultaneous detection of wildtype, floxed, and excised IGF-IR alleles.When genotyping the offspring from crosses between heterozygous floxed mice (Figure 1) , we obtained single bands from homozygous floxed and wild-type offspring. Two bands (homozygous floxed and wild-type) were obtained from heterozygous floxed offspring (Figure 2A ). Heterozygous knockout mice gave a twoband signal corresponding to the wildtype and excision alleles ( Figure 2B ). We tested a mouse population harboring floxed and excised alleles ( Figure  2C ) and obtained a single excised allele band from a homozygous knockout animal ( Figure 2C , sample 2, neonatal lethal genotype) and two bands (floxed and excised band) from heterozygous individuals ( Figure 2C, samples 3-7) . Southern analysis that was performed in parallel confirmed the genotyping results obtained with this method (data not shown). Simple agarose gel electrophoresis of the PCR products was sufficient to determine the genotype. In the optimized conditions used, no interfering nonspecific products were observed, and it was simple to distinguish between mice heterozygous and homozygous for the floxed mutation using this PCR genotyping method. The entire procedure was generally completed the day of the biopsy.
Detection of Cretransgenes. We tested several different primer pairs and found that the one used here provided the most consistent and reproducible results. Co-amplification of a fragment from the endogenous Gabra1gene (as an internal PCR control) gave two bands for heterozygous Cre transgenes and a single ( Gabra1 ) band for Crenegative littermates ( Figure 2D 
Multiplex PCR for the Cre transgene and floxed locus. In simultaneous amplifications of the Cretransgene and the floxed locus, no internal control was needed because all the animals had alleles of the targeted endogenous gene. Thus, in a single test, we determined the allelic status of the floxed gene and the Cre status of the animal ( Figure 2E ). As could be expected, the generation of multiple bands in a single reaction resulted in the intensity of any given band R e searchR e po r t being slightly lower than that shown in Figure 2 , A-D. Finally, this test enabled us to detect all three allelic forms of the target gene and Crein one reaction ( Figure 2F )-a very useful possibility when analyzing mosaic Cre-lox mice.
Because the three different PCR products from the IGF-IR gene were of different size (202, 271, and 327 bp) and their amplification involved two upstream and one common downstream primer, we tested whether the ratios between different allele products depended on the PCR cycle number. This was tested in heterozygous IGF-IR flox animals and animals with mosaic Cre-lox recombination. From eight independent reactions taken at increasing cycle numbers, the allelic prevalence was determined as described in the Methods section. Regression analysis showed that the detected ratios between allelic forms (floxed versus wild-type or excised) did not change with cycle number; the mean tendency being close to and not significantly different from zero ( -0.2% ±0.5% SEM /cycle). Moreover, we determined experimentally the ratio of floxed versus wild-type allele in four heterozygous IGF-IR flox animals (their expected, genetically fixed ratio being 1:1) and found a mean prevalence of 50.1% ± 2.5% ( SEM ) for the wildtype allele. We also amplified from one individual bearing one floxed and one excised receptor allele and found a prevalence of 48.6% ± 4.8% ( SEM ) for the excised allele. Both values were very close to and not significantly different from the true value. We concluded that the number of PCR cycles, even if the reaction was saturated, did not interfere with the accurate evaluation of allelic composition. In fact, the various alleles behaved as mutual internal PCR controls during the amplification (4).
PCR Analysis of Cre-lox Recombination in Target Tissues
Tissue-specific Cre-lox excision analyzed by genomic PCR. In three conditional knockout models for which we had previously assayed tissue-specific Cre recombination by Southern blotting, we tested whether the PCR assay would give similar results. In the first model, complete or near complete recombination occurred in specific tissues, the second model exhibited a partial recombination pattern (we tried to show that PCR reproduced quantitative aspects of Cre -mediated excision), and the third excised in a highly restrictive fashion. The first model involved a Nestin -Cre transgenic mouse that had been shown to induce recombination in all cells of the central nervous system, but not in non-brain tissues (1, 19) . Our PCR test, using a Nestin-Cre /homozygous flox mouse, showed that the floxed locus was intact in non-brain tissues, but fully recombined in brain tissues ( Figure 3A) . The second model, using a CaMKII α -Cretransgene, efficiently recombined floxed segments in differentiated cortical and hippocampal neurons, but not in glia; lower levels of recombination were observed in other brain regions, and no recombination was detected in nonbrain tissues (20) . In this case, genomic PCR showed the expected partial recombination pattern in various regions of the brain and that the floxed locus was intact in other tissues or organs, such as the liver, kidney, muscle, or skin ( Figure 3B ). The third model used an Inhibin-Cretransgene, which selectively produced Cre in the gonads from the inhibin α -subunit promoter (7; Monget and Holzenberger, unpublished observations). Figure 3C shows that for males, significant Crerecombination occurred in the testis, but not in any other tissue. However, recombination was not transmitted through the germline because the offspring of such males did not inherit Cre-lox excised alleles.
Quantitative detection of Cre-lox excision events. Analysis of partial Cre recombination is essential in highly restricted, cell type-specific gene inactivation. To validate the multiplex assay, here we compared the PCR and Southern blotting results obtained in conditional knockout experiments using various Cretransgenes. Over the entire range of partial recombinations studied, we found that Southern blot and PCR data correlated very well (Figure 4) . The correlation was highly significant for very strong versus very weak recombination, as in the Nestin-Cre model, for example. We also used the EIIaCre transgenic mouse (9) that generates partial and/or mosaic Cre-loxrecombination (6, 10) . In this case, even though the range of partial recombination was relatively narrow (e.g., between 30% and 60%) ( Figure 4A ), the correlation between Southern blot results and PCR-derived data was strong, and the PCR patterns observed reproduced reliably the ratios determined by parallel Southern blotting.
DISCUSSION
Here, we show that under certain conditions, PCR can replace hybridizationbased techniques. However, the reliability and sensitivity of such assays must be evaluated for each genomic locus amplified. In our hands, PCR genotyping required an initial phase of optimization, essentially to determine the optimal annealing temperatures and the amount of DNA needed to generate a reproducible signal without inhibiting PCR amplification. Any sample for which the first attempt at amplification was unsuccessful was subjected to a second PCR, using variable amounts of DNA input. If amplification was again unsuccessful, then a second biopsy was performed, which generally solved the problem.
Most importantly, the speed of PCR analysis results in major changes in the management of transgenic Cre-lox projects. If PCR is used systematically, then important decisions can be made quicker. Animal breeding, in particular, can be immediately continued if too few animals of the desired genotypes have been obtained, and breeding can be stopped earlier when sufficient animals of the desired genotype have been identified. Genotyping on postnatal Day 4 makes the early selection of offspring possible so that if not all genotypes are required (e.g., as negative controls), the litters may be reduced and recomposed from Day 5 onwards, facilitating the recycling of mothers for subsequent breeding. Genotyping at birth is possible using this method, but identification (tattooing) of the newborns is problematic. We found that toe clipping on Day 4 was a safe way to obtain biopsy material for DNA extraction and to permanently identify the animals at the same time.
The proposed protocol ultimately reduces the costs of animal housing and care, thereby rendering Cre-lox projects less time-and labor-intensive. The PCR assay does not require the handling of radioactive materials so that this method is less hazardous than Southern analysis. PCR is easy to modify for use in direct quantification, using fluorochromes and phophorimager technology. A major advantage of PCR genotyping is that only small samples are required, which opens up many other new possibilities. Moreover, the fact that semiquantitative analysis of Cre-loxrecombination can rapidly be obtained from tissue biopsies creates new perspectives for the study of Cre-loxanimal models, including novel solutions for the analysis of newly established tissue-specific Cretransgenic lines. As demonstrated here for CaMKII α -Cre/flox animals, PCR analysis of Cre-loxrecombination can be used for in situ Cre-loxrecombination detection in microdissected tissue samples. In our hands, 0.5 mg samples still yielded reproducible results, and amplification from microgram amounts of tissue was possible. This constitutes an important advantage over Southern analysis, especially because an increasing number of Cre-lox approaches produce gene excision patterns restricted to minute anatomical regions (e.g., specific areas of the nervous system, small endocrine glands, etc.). To exploit the high sensitivity of PCR for the detection of Cre-lox recombination in a rare population of cells within an organ, for example, or for the detection of incomplete recombination caused by variegated expression of Cre , one needs to perform additional PCR amplifications using only the primer pair that detects the excised allele. We showed that the routine PCR assay can detect as little as one recombined among 10 3 non-recombined alleles, which is a noticeable increase in sensitivity compared to Southern blot.
We also used multiplex PCR to genotype transgenic mice from DNA extracted from hair follicles (18) , which is the method of choice for DNA extraction if already identified animals have to be genotyped again and the original DNA sample is no longer available. PCR genotyping will also be the method of choice if automation is required. The use of fluorescent primers and on-line analysis with systems such as TaqMan ® (Applied Biosystems, Foster City, CA, USA) may also overcome the time-consuming handling of numerous samples. Finally, other laboratories have recently begun to use Cre-lox PCR genotyping (2, 3, 11) , indicating that this approach is gaining acceptance and may become an alternative to Southern and dot blot analysis in the near future. 
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